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This report  discusses  a mosaic sensor system simulation program (MSS~~~ that
has been developed at The Aerospace Corporation. The MSSP pr ogram WI
viable tool for the evaluation of a var ie ty  of mosaic sensor concepts.

The Idea of using a mosaic a r r ay  to represent an image is an old one. Sensors
constructed from the mosaic concept have the advantage of simp licity . Theo-
retically the image Information may be instantaneously obtained from the out-
puts of all the detector cells in the mosaic ar ray ,  thus eliminating the time 
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delay problem inherent  in a scanning-typ e sensor. A mosaic sensor system Is
often more reliable than a scanning sensor system because there are  a mini-
mum of mechanical components susceptible to f a i l u r e .
Typically,  a mosaic focal plane consists of a large numbe r of dete ctor cells in
order to produce fine image resolution. Di gital simulation of a mosaic sensor
system requires  a considerable amount of repet i t ive calculations because of
the la rge numbe r of cells. It is very important to design a mosaic sensor
simulation program with computation a lgor i thms that are highly efficient in
order  to minimize the run time of the compute r .
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INTRODUCTION

This pape r describes the approach and results of a
mosaic sensor simulation program ( MSSP) developed at The
Ae rospace Corporation. Currently, both scanning and staring
IR sensors are of interest. A scanning sensor usually contain s
one or more rows of detector cells which scan back and forth
in order to cove r the field of view (FOV). A staring sensor
usually contains a mosaic array of detector cells. In order to
cover the FOV with sufficient resolution, the mosaic array
may conta in ..& very large number of cells , typically on the or-
der of 10 or more.

For certain applications, the mosaic sensor syste m has
an advantage over the scanning sensor. The mosaic sensor is
particularly useful for the separation of a moving target from
a hi ghly elnisaive but stationary background. The background
may be effectively removed by analog fi l tering or by frame -
to - f r ame  subtraction (nume rical differentiation ) since it con-
tr ibutes only to DC outputs from the detector cells. These
types of processing, however , tran sform the target s intensity
amp litude information into cell ed ge -crossing information.
This lead s to a variety of detector cell designs which Include
“reticles , ” and an alternate biasing scheme which Is some-
times called a “push-pull” detector (in orde r to distinguish it
from the reg ular “sing le -ended” detector). Figure 1 illus-
trates some typical desi gns of mosaic detectors (Ref .  1).
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Since the focal plane consist. of many detectors , compu-
tational efficiency is an important conside ration in digital sim-
ulation of a mosaic sensor .  A larg e number of repetitive cal-
culations is often required to process the detector outputs. To
take advantage of the fact that all detector cells (or at least
groups of them) have identical characteristics, Winte r (Ref. . 2,

• 3. 4)  has introduced the table look-up approach , which can
greatly reduce the computational load for both point sources
and extended sources. Winte r ’s table look-up approach has

• been adopted for fast  calculation of the point spread function
response. With this approach , the point spread function de-
scription does not need to be analytic and may be given In the
form of a nume rical table. For any given detector cell design ,
a table of cell response is set up in a prel iminary routine
which is stored in the fo rm of a matrix. For a given target
location in the center cell, the set of outputs of the m x n cells
which include the given cell are calculated and stored . The
integers rn and n are determined by the optics point spread
function and the dimensions of the detector.  Zero outputs are
assumed for cells outside the m x n block. Numerical  convo-
lut ion Is used to calculate the am plifier/ f i l te r response in time
domain .

A gene ral description of the MSSP simulation is given
below. The modeling techniques on targets , backgro unds , op-
tics, focal p lanes , and fi l ters are discussed in detail in the
third section. More specific discussions on the simul ation
program , some typical output s , and a conclusion are given in
subsequent sections.

GENERAL SIMULATION DESCRIPTION

Figure 2 is a block diagram description of the building
block, of the MSSP program.

‘S..’

14.4..
M.d. ’

_ _  

1P_
Figure 2. Mosaic Sensor System Simulation Block Diagram

The driver unit, called the environmental model, con-
sists of ingredients that are necessary to generate a mosaic
Image . In MSSP, it has a target trajectory model and a back-
gro~sod model.
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The outputs of the envir onmental model are the inp ut s of
the optics model. The t ransmission attenuation. the spectral
filtering, and the lens degradation of the image are modeled.
The optical b lur r ing  is characterized by a point spread fun c -
tion which is often approximated by a Gaussian function. In
MSSP, either a Gaussian function or a tabulated function may
be reaUzed. There is no si gnificant difference in run time in
either case, since Winter ’s table look-up app roach has been
used so that there  is no need to calculate repetitively the point
spread response.

The mosaic foc al plan e model evaluates the output of
each detector cell given the location of the center of the target
and Its intensity . A discrete spatial convolution method is
often used to evaluate contribution of an extended source which
arises from backg round modeling. However , a point-source
discretization techni que is used for thi s simulation program .
Detector noise is injected at the cell outputs .

The output of each detector is passed through an ampli-
t ie r/ f il te r .  The fil te r is ei ther  a matched filte r which ap-
proximately matches the expected target  signal ~~aveform (in
order to maximize the signal-to-noise ratio), or just an AC
amplifier with sufficient bandwidth to cover the signal band-
width . The DC component of the cell output which is due
mainly to the interfer in g background is removed by the AC am-
pl i f ier .  Sometimes this process is carr ied out by some form
of numer ica l  different iat ion which is called “frame - to- f rame
subtraction . ” In MSSP, the amp l i fIe r/ f i l t e r  is realized by nu-
me rical convolution. System noise is also added at the output
of eac h ampl i f ie r/ f i l te r .

MODE LING TECHNIQUE S

I. Environmental Model

In the current version of MSSP, the environmental model
consists of a moving target model ~nd a background model.

a. Moving Target Model

The motion and intensity profile of a moving target is
described by a set of three Nth orde r pol ynomials. Let xj and
y be the foc al plane position of target j .  Let I~ be the inten-
s t y . Then

~
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x,(t) = La.k(t - t0~)k (focal plane unit )

= Eb .k(t  - t 0~)
k (focal plane unit)

I~( t )  
~~~

C.k(t - t0 .)
k (wat t s/ a r )

where toj is the reference time for target j . The ine rtial mo-
tion of a target is first simulated by a separate trajecto ry
simulation program; the same program also provides the iner-
tial attitude of the sensor. The motion of the target on the fo-
cal plane ii obtained by projecting the Inertial motion along the
sensor ’s line of si ght ( LOS ) in to the sensor coordinate frame,
then scaling by the ratio of the focal length to the range from
the sensor to the target . Least -squares fit is then performed
to determine the polynomial coefficients.

b. Background Model •

Random step-function models have been widely used as
statistical model, for background irradiance (Refs . 5, 6).
This type of model I. adopted for MSSP. More explicitly, the
bac kg round process is characterized by

B(x . -y) 
~~~~ mn~’~~ - x )  - u(x - Xm+i )I S

(u( y - 

~n
’ - u(y -

where u(.) denot es the unit - step function.

The jump points x~~ and y~ are characterized by two ex-
ponential processes , i . e . ,  the probabili ty of having a new
jump is given by

-) (x-x
P (j u m p  at x > Xm IX m is the last J ump ) = 1 - e m

-X(y ..y )
P(jump at y > Y n I 

~n ~. the last jump ) = I - e

where 1/X is the mean distance between jump..
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The amplitude a~~~ is a non-ne gative random process in
m and n. The Ray leigh distribution ii chosen as a model for
&mn.

Spatially , the intensity is assumed to be exponentially
correlated. For any m , n , j , k we have the relationship

-
~~~ (Im-iI+In -kI)

E(Ea  - E(a )J(a. - E(a. ) J ) = a emn mn jk j k s

where a~ and 
~~ 

are constants characterizing the background
correlation.

The above model Is an adequate description for a sta-
tionary background. For a non-stat ionary background ~~~~~
Xm, Yn~ are also random processes in time . In MSSP, (X m.
Yn) are assumed to be independent of time and a~~~ is expo .
nentially time correlated , i . e . .

~or (t~~~~t (
E {[a ( t 1 ) - E(a (t 1 ))J [a (t 2

) - E(a (t 2
) ) ))  C7~~e 

t 2 I

where at and ~~ are constants characterizing the time
correlation.

With this approach, computational efficiency is high
since the background scenario needs to be generated only once.
The subsequent time fluctuations of ~~~~ are then added in a
random fashion .

A typ ical background scenari o is il lustrated in Figure 3.

Figure 3. A Typical Simulated Backg round Scenario

I 
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.~~. Optics Model

The radiated powe r of a point source is modeled by

dP~~~p~~~~~ d)~ (watts )

where

p~~ = the power density of the point source in wat t s/ s r/

= solid angle in steradians

X = spectral wavelengt h in micrometers

The background s t ructure  has been modeled as an ex-
tended source. The power radiated over the surface Is mod-
eled by

dP PEaLOS n di ~~ dX (watts)

where

= wat t s/ m 2
/ a r /p r n  I s  the powe r density of

the extended source

!iws = the unit vector from the differential area ds
to the senior , and n is the unit normal to ds.

An extended source is approximated by a set of point
sources as shown in Figure 4. A g rid is defined such that it.
dimension is smal l in comparison with the point .pre ad cover-
age , e .g . .  a . in the case of a Gaussian point spread model .
The strength of a point source which is located a(xj. Y~) is
given by

=

~.x~+~~/Z  ~~y. + A / Z

• J J ‘ p E(*.yH~L~s~
)
~~~dy (wat ts / s r / pm)

x1 - A/ 2  ~~ -A/ Z
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Fi gure  4. Discretizatlon of an Extended Source

where ~ is the grid dimension. With this approach. only point
sou rces are involved in the calculations of the cell output..
For each point source , the powe r tr anamitted to the focal
plan e is given by the expression

P
f 

T)pp 4 AX (watts )

whe re

= optical transmission efficiency

• A ape rture area
R = range from sensor to source

A).. spectral bandwidth
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3. Mosaic Focal Plane Model

A focal plan. configuration is constructed in MSSP by
specifying the focal plane dimensions and the cell dimensions
with input data . The characteristics of the cells which include
reticle designs, biasing schemes, sensitivity variation.. etc.
are taken into accoun t In the con.tructi on of the look-up table.

The point spread function of the optics is known either in
analytical fo rm or in numerical  form which I. cha racte rized
by the function f(x. y, P) where (a , y) are the coo rdinates of thepoint source image and P is the power tranimitted to the focal
plane. The detector cells are as .umed to h-ave linear re-sponse characteristics so that

f (x , y , P) Pg(x ,y )

The Gaus sian spread function is often used as a model for
g(.,.), i .e . .

g(x, ~~ = 
Zwa 2 eic~ [- —s. (a 2 

+ v
Z
)]

The powe r on a detector cell I. obtai ned by integr at ing the
contribution over the sensit ive cell area (e . g . ,  see Figure c

Pf fg(x - *~, y - y~) dx dy (watts )

whe re (at . Yt~ are the coordinate, of the point target image,
and p i. the power transmitted to the focal plane by the point
source. The integral portion of the above expression is ob-
tained re adi ly by table look-up. The (static ) ou9 ut voltage of
the cell I. obtained by multiplying the ~ d by cell . (static)
responsivity R~ . i .e .,

Vd R CPd (volts)

Swhere Is in volts/watt.

The dynamic behav ior of the cell is considered as a part of the
amplifier/filte r module which will be discussed later.

*Sometimes the outputs are in ampe re.; in this case R is in amp iwatt.

8
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For a rectangular cell without ret icles and assumin g a
circular Causilan point spread function , vd may be expressed
in terms of error (unction, as

vd _4_ ~e rf [jL_ (x  + - at ) ]
.. erf [ j~._( x -

• er f~~~

[

~~~~~I._ (Y 
~~~~~~~~ 

- Y t ) ] -er f [~~~~~(Y c ~~

whe re (x~ .y ~~) Is the loc ation of the center of the cell and W
and L are respectively the width (along a) and the length
(along y)  of the cell . He re erf (.) is defined by

2 ~~~erf(~~) — f  e dt
o

An illustrat ion of cell response calculation is shown in
Figure ~~.

iiiiiiiiiiiiiiij~-~,,~-— CELL.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (xe. ~~
INSENSITIVE
CELL AI~ A I

SENSITIVE
\ CELL AL~ A

____

I

-

SOURCE I
(x, y)~

s g(x-x r ~~~~

P ~~~~~ 
yc ++

4. 1 ~ I_ i 

9(x-* t . y yt)dx dy
XC 2  ~‘C 2

0
Figure 5. Calculation of Cell Output Due to a Point

Source Influence
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In order to construct a look-up table using Winter ’. ap-
proach. the point target location on a cell is quanj4zed (see
Figure 6): i .e., if the target is Include d in the i jL~ quantisa-
tion clamant , it is assumed to be located at its center. Only
m * n neighbor ing cells are conside red in the table . The
choice of integer. m and n depends on the extent of coverage
of the point spread functi on . The cells beyond thi s group are
a.swn ed to have negligible outputs for the given point target
location . The table values ar e calculated as.uming a power
of one watt transmitted through the optics. Figure 6 shows
the cell block itructure for the construction of a look-up
table. The target is located somewhere in the center cell
which fall. into one of the small quantizatton grid elements .
For the given (normalized) point spread function , the output s
of all the cells in the block are calculated for target location
at the center of every quantization element. The results are
sto red in the look-up table . Thus , T(i. j . k. 1) is the output of
cell (k . l) to a target at (i,j). In actual calculation of a ceU
output , the value obtained from the table i. scaled by the actual
power transmitted through the optical system.

With the table look-up approach, the norm alized output
of a cell under the influence of a point source is instantaneously
ret rieved from the table once th. target location is known .
The actual cell output is then obtained by multiplying it by the
scale factor. This method creates a fast algorithm since it
omits the conventional time -cons uming repetitive calculations
of cell outputs either by evaluating an error fun ction, or in a
wo rse case, by numerically integrating a tabulated point spread
fun ction ove r the cell area.

~~Z~~~~~~H1
CEU.S 

_ _ _  _ _ _  _ _ _  _ _ _  _ _ _  QUANTIZATIO N
ELEMENT FOR

_ _ _  _ _ _  _ _ _  _ _ _  _ _ _  POINT TARGET
CENTER LOCA-
TION

nCELI.S
Figure 6. Look-up Table Structure
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4. Amplifier/Filter Model

The ampl if ier/ fIl ters for shaping the detector cell out-
puts are usually a linear device, possibly with a large band-
width in comparison with th at of the target  signal waveform.
We shall assum e that an amplifier provides only a pure gain ,
and the shaping of the signal waveform takes place in the filter.
Furthermore, the detector cell dynamics are also assumed to
be part of the filter in our simulation approach. It i. imple-
mented as an additional filter s tructure . Since the amplifier
only contributes to the scale factor , we need only discus s the
filter in greate r detail.

The filter Is usua lly specified by the t r ans f er function
H(.). Given the output of a cell, a numerical convolution tech-
ni que is used to obtain the output of the filter. The impulse
response h(t). which is the inverse Laplace transfo rm of H(s),
is disc retized to obtai n the unit sample response by integrating
it ove r the sampling period , yielding the set of numerical val-
ues (h 1).

In a DC filte r , (h 1) can usually be approximated by taking
a limited numbe r of t e rms .  U h1 ~ 0 for I > k . then the output
of the cell u~ is obtained by

u Eh1v~~ =

where vj  is the cell output at time t . . In thi s case , only the
k + 1 mdst recent values of vj are nLded. In an AC filter,
however, this approximation may not be possible since the im-
pulse response is nonzero fo r a longer pe riod of time due to
thc low-frequency cut-off  pole in the transfer function . Fig-
ures 7(a) and (b) are respectively examples of filte r impuls e
responses of a DC and AC filter.

Random noise sources are present within the detectors
and the am plifIer/filter system. Each noise source is mod-
eled by a se quence of Gaussian random numbers with time cor-
relation. The effect of time correlation is implemented by
numerical convolution in the sam e manne r as in the case of the
filter. The transfer function I. usually dete rmined from a
given noise power spectral density model. A fir s t -order  cor-
relat ion profile is often adequate for the simulation purp oses.
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Figure 7. TypIcal Filter Impulse Response
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SIMULATION STRUCTURE

The MSSP simulation is implemented on the C I)C 7600
in Fortran IV. Figure 8 shows the essential  elements in the
MSSP prog ram . Except for table look-ups and numerical  con-
volution s , all calculation s are carried out once only at the
beginning of the program . The storage requirement is dic-
tated by the number of cells in the focal plane and the number
of required t ime-sampled outputs for each detector cell. For
a la rge focal plane simulation , the out puts may be sto red on
a disc f i le  (or tape) for plotting , or testing data processing
algorithms.  Figure 9(a I  show s an example of a 10 cell by 10
cell sim ulated focal plane w ith a target t ravers ing it d iagonal ly .
Figu res 9(b ) through 9 (d )  are typical outputs from a g iven  de-
tecto r cell at d i f fe re nt stages of the sensor system.

CONCLU SION S

A general-purpose mosaic sensor Fortran IV simulation
prog ram called MSSP has been developed . This program is
flex ible enoug h that most of t he parameters , incl uding the de-
scr iption of the focal plane structure , a re  cont rolled by ex-
ternal  namelist  inputs. The program is modularized so that
modific ations can be made on each module without disturbing
the remaining st ructure of the p rogram.  The models dis-
cussed in th is  pape r are implemented as subroutines in the
program . The table look~ up approach undoubtedly results in
g reat saving s in computational effort , since it bypasses the
routine but painful repetitive calculations of the point spread
function response for a f ini te  and possibl y i r re gular sensitive
cell area. No specific t iming comparison was attempted be-
between the conventiona l ‘brute-force ’ approach and the table
look-up approach. The MSSP prog ram , howeve r , is designed
computationally to be as eff icient  as pos s ible , as a g eneral
tool fo r the evaluation of various mosaic sensor concepts.
For a large number of detector cells with a long time his tory,
online com puter storage may not be enoug h even with la rge-
core memory storage. A solution to this problem is to calcu-
late and store the data only on the cells of in te res t .  Another
solution Is to use external disc storage and manipulate the data
by means of random access techniques. The latter approach is
necessary if the output data I. being used for the evaluation of
tar get detection and tracldng algorithms.
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Figure 8. MSSP Simulation Logic Flow Diagram
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Figure 9(b). A Sample Output of a Detector Cell
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Figure 9(c). Output of the Same Cell After
Numerical Differencing
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Figure 9(d). Filtered Output With Noise
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